H 2 /D 2 isotope effects on Fischer-Tropsch synthesis (FTS) rate and selectivity are examined here by combining measured values on Fe and Co at conditions leading to high C 5+ yields with theoretical estimates on model Fe(110) and Co(0001) surfaces with high coverages of chemisorbed CO (CO*). Inverse isotope effects (r H /r D < 1) are observed on Co and Fe catalysts as a result of compensating thermodynamic (H 2 dissociation to H*; H* addition to CO* species to form HCO*) and kinetic (H* reaction with HCO*) isotope effects. These isotopic effects and their rigorous mechanistic interpretation confirm the prevalence of H-assisted CO dissociation routes on both Fe and Co catalysts, instead of unassisted pathways that would lead to similar rates with H 2 and D 2 reactants. The small contributions from unassisted pathways to CO conversion rates on Fe are indeed independent of the dihydrogen isotope, as is also the case for the rates of primary reactions that form CO 2 as the sole oxygen rejection route in unassisted CO dissociation paths. Isotopic effects on the selectivity to C 5+ and CH 4 products are small, and D 2 leads to a more paraffinic product than does H 2 , apparently because it leads to preference for chain termination via hydrogen addition over abstraction. These results are consistent with FTS pathways limited by H-assisted CO dissociation on both Fe and Co and illustrate the importance of thermodynamic contributions to inverse isotope effects for reactions involving quasi-equilibrated H 2 dissociation and the subsequent addition of H* in hydrogenation catalysis, as illustrated here by theory and experiment for the specific case of CO hydrogenation.
Introduction
Fischer-Tropsch synthesis (FTS) is widely used to produce clean fuels from synthesis gas (H 2 /CO). 1, 2 Iron-based oxides are commonly used as catalyst precursors. 3 FTS involves polymerization of CH x * monomers or their reaction with CO* (where * denotes an active site). The mechanism first proposed by Fischer and Tropsch (CO dissociation and subsequent carbon hydrogenation) is often assumed as the prevalent route for monomer formation, 4 but controversies remain about whether CH x * species form from CO that dissociates before or after the addition of one or more H-atoms. [5] [6] [7] [8] [9] We have recently provided experimental and theoretical support for two parallel CO activation pathways: direct dissociation with subsequent H* reactions with C*, and H-addition to CO* before dissociation with C-O cleavage of partially hydrogenated species to form CH x * and OH* species on Fe-based catalysts. 10 On Co-based catalysts, FTS occurs predominantly via CO dissociation after H-addition. Even on Fe-based catalysts, H-assisted CO activation predominates at practical FTS conditions (500-550 K, 2-4 MPa, H 2 /CO ) 1-2), and direct dissociation pathways contribute significantly only at very low H 2 /CO ratios.
Hydrogen atoms formed via H 2 dissociation are involved in all elementary steps in H-assisted CO dissociation pathways, but participate in the unassisted routes only after CO dissociation to form C* and O* species. Therefore, H 2 /D 2 kinetic and thermodynamic isotope effects can probe the involvement of H-atoms in specific elementary steps within catalytic sequences, because rate and equilibrium constants for these elementary steps depend on isotopic identity.
Kinetic isotope effects (KIE, r H /r D ) have been reported for CO hydrogenation on several Ni, Ru, and Co catalysts, often with contradictory conclusions. H 2 /D 2 isotope effects were near unity for CH 4 formation from H 2 -CO on Ni/ZrO 2 at ambient pressures (400-500 K; 75 kPa H 2 (D 2 ); 25 kPa CO), 11, 12 suggesting that CO dissociation is the sole kinetically relevant step and that C* and O* species formed are rapidly scavenged by hydrogen in subsequent quasi-equilibrated steps. These mechanistic conclusions can be rendered equivocal by compensating kinetic and thermodynamic isotope effects. 13 In contradiction with these data, Ni/SiO 2 gave inverse kinetic isotope effects (r H /r D ) 0.85) 14 at nearly identical conditions (475 K; 75 kPa H 2 (D 2 ); 25 kPa CO), leading to the alternate proposal that H* addition to CH* limits methanation rates.
Similar contradictions prevail on Ru catalysts with normal KIE values (1.2-1.4) on Ru powder (310-385 K; 8 kPa H 2 (D 2 ); 8 kPa CO): 15 no isotope effect on Ru/Al 2 O 3 in one study (475-540 K; 75 kPa H 2 (D 2 ); 25 kPa CO) 11, 12 and inverse isotope effects (0.7) in another one (450-525 K; 75 kPa H 2 (D 2 ); 25 kPa CO). 16 In all cases, reaction conditions led to the predominant formation of CH 4 , making conclusions possibly irrelevant for the conditions and mechanisms of FTS, which involves significant chain growth and much higher pressures (1) (2) (3) .
Inverse H 2 /D 2 kinetic isotope effects (r H /r D ) 0.7-0.8 range) during methanation (513 K, 0.07 MPa H 2 (D 2 ); 0.03 MPa CO) and FTS (473 K, 1.30 MPa H 2 (D 2 ); 0.67 MPa CO) 18 on Co have been explained by a combination of inverse thermodynamic effects for dissociative hydrogen adsorption and normal kinetic isotope effects for C-H bonds formed in transition states leading to CH* or CH 2 * species. 19 Here, we report the isotopic effects on rates and selectivities on state-of-the-art Fe-Zn-K-Cu catalysts 19 at conditions leading to significant C 5+ selectivities (82-87%, CO 2 -free basis) and compare them with similar effects that we have measured on Co catalysts. 18 These inverse isotope effects are interpreted in terms of compensating thermodynamic and kinetic isotope effects using a rigorous mechanistic interpretation of measured rate data combined with first-principle theoretical calculations on CO-saturated Fe(110) and Co(0001) model surfaces. These theoretical estimates indicate that measured inverse isotope effects reflect the prevalence of secondary thermodynamic isotope effects resulting from atoms and chemical bonds not directly involved in the kinetically relevant H-assisted CO dissociation step. The mechanistic origins of these effects are similar for FTS reactions on Co and Fe catalysts, consistent with the involvement of a common sequence of elementary steps. H 2 -D 2 effects on chain growth probabilities are weak, with D-atoms very slightly increasing the selectivity to longer chains and leading to a small preference for chain termination by H-addition over H-abstraction. No H 2 -D 2 isotope effects were found for rates of CO 2 formation via direct pathways, which involve the scavenging of O* atoms formed exclusively in direct dissociation of chemisorbed CO. The rate of formation of CO 2 via readsorption of H 2 O and secondary CO-H 2 O reactions on Fe showed a normal isotope effect. The measured isotope effects and their theoretical interpretations are consistent with the kinetic relevance of H-assisted CO dissociation steps leading to the exclusive formation of H 2 O as the oxygen rejection path in FTS reactions on Fe and Co catalysts. On Fe, smaller contributions to measured rates from direct CO dissociation routes that form CO 2 as the oxygen carrier showed no H 2 /D 2 isotope effects for the term in the rate equation corresponding to this route, consistent with the absence of chemisorbed hydrogen in the steps responsible for its rate parameters.
Methods
2.1. Catalyst Preparation. Fe-Zn oxide precursors were prepared by coprecipitation of mixed oxyhydroxides at a constant pH of 7 from mixed aqueous solutions of Fe(NO 3 ) 3 (Aldrich, 99.9%, 3.0 M) and Zn(NO 3 ) 2 (Aldrich, 99.9%, 1.4 M) using (NH 4 ) 2 CO 3 (Aldrich, 99.9%, 1.0 M). Detailed procedures are reported elsewhere. 19 The precipitated powders (∼30 g) were washed with deionized water, dried at 393 K overnight in ambient air, and treated in flowing dry air (Praxair, UHP, ratio) and metered using electronic flow controllers. The catalyst was activated in the reactant stream for 1 h at 100 kPa total pressure by increasing the temperature from 298 to 423 at 0.167 K s -1 and from 423 to 543 at 0.017 K s -1 . The reactor was cooled to ∼470 K, and the pressure was then increased to 2.14 MPa. Next, temperature was increased to the desired value (508 K). These preparation and activation protocols led to hydrocarbon synthesis productivities among the highest reported on Fe-based catalysts. 19, 21, 22 Reactant and product concentrations were measured by direct transfer of inlet or outlet streams into a gas chromatograph (Hewlett-Packard 5890 Series II) equipped with a 10-port sampling valve and two sample loops, which were simultaneously injected into a cross-linked methyl silicone capillary column (HP-1; 50 m × 0.32 mm; 1.05 µm film) and a packed column (Porapak Q; 15.2 cm ×0.318 cm); their respective effluents were analyzed by flame ionization and thermal conductivity detection. Hydrocarbon synthesis rates are reported as the number of moles of CO converted to hydrocarbons or CO 2 per g-atom of Fe in the catalyst per hour. Hydrocarbon selectivities are reported on a carbon basis as the percentage of the CO converted to hydrocarbons appearing as each product (CO 2 -free basis). CO 2 selectivities are reported as the percentage of the CO converted appearing as CO 2 .
The data cited here for isotope effects on FTS rates and selectivities on Co-based catalysts were measured using similar protocols, and the detailed data and procedures have been reported separately. 18 2.3. Theoretical Analysis. All calculations were performed using DACAPO, a periodic self-consistent density functional theory (DFT)-based total-energy code 23, 24 utilizing the closepacked facets of Fe(110) and Co(0001) as model surfaces. The closest-packed Fe(110) and Co(0001) facets were selected for DFT calculations because they accurately represent the predominant low-index planes prevalent in the large crystallites used in the experiments. We do not consider that alternate structures are required for CO activation (e.g., high index facets, [25] [26] [27] carbided surfaces 28 ), as we have shown in our previous FTS studies. 10 These model systems consisted of a fourlayer metal slab, repeated periodically in a supercell geometry with five equivalent layers of vacuum between any two successive metal slabs. A 2 × 2 surface unit cell was used, and the top two layers of the slab were allowed to relax. In each unit cell, two CO molecules were treated as spectators, to simulate the high CO-coverage Fe or Co surfaces present under realistic FTS conditions. 10 All adsorbed species, including spectator CO molecules, were allowed to relax during energy minimization and minimum energy path calculations. The generalized gradient approximation (GGA-PW91) described the exchange-correlation energy and potential self-consistently. 29, 30 Temperature effects have been taken into account using calculations for entropic contributions. Pressure effects are not accounted for directly, yet the choice of CO coverage on the model surfaces is made to reflect the high coverages prevalent during steady-state FTS catalysis. Further details about the calculation protocols are included elsewhere. 10 The effect of isotopic substitution was accounted for through its contributions to entropies as well as the energetics via zeropoint energy (ZPE) corrections. As shown in the Appendix, the isotope effect per elementary step contains four contributions to the partition function: (i) translational, (ii) rotational, (iii) vibrational, and (iv) electronic. The last two contributions were calculated directly from the DFT-derived vibrational frequencies of relevant intermediates. Frustrated translations and rotations of adsorbed species are treated as special cases of vibrational modes. The only nonunity translational and rotational contributions to the partition function are for H 2 (g) dissociation (see Appendix). All vibrational modes, except the imaginary one corresponding to the transition state of each elementary step, were accounted for in all ZPE and entropy calculations. Furthermore, all frequencies, including those for spectator CO*, were included in the ZPE corrections and entropy calculations. For H 2 dissociation (H 2 + 2* f 2H*), the initial state used was a H 2 /D 2 molecule in the gas phase with a single vibrational mode calculated from DFT (4429 cm -1 (H) and 3134 cm -1 (D)). The rotational and translational contributions for this gas-phase molecule were calculated from standard formulas (see Appendix). Figure 1 shows hydrocarbon synthesis and CO 2 formation rates as a function of the CO conversion level, which was varied by changing space velocity. Hydrocarbon synthesis rates decreased with increasing conversion because of reactant depletion, consistent with the rate equation derived below from a mechanistic sequence of elementary steps. Competitive adsorption of water and reactants, which are not included in this rate equation because rates were extrapolated to zero conversion, may also contribute to the observed decrease in reaction rates with increasing CO conversion. 31 Hydrocarbon formation rates were 2.0-2.5 times larger when D 2 /CO was used instead of H 2 /CO at all conversion levels ( Figure 1A ), indicating that FTS reactions on Fe-based catalysts exhibit inverse deuterium kinetic isotope effects (r H /r D < 1). These effects of the isotopic identity of dihydrogen reactants indicate that hydrogen species are involved in kinetically relevant steps and rule out unassisted dissociation of CO as the sole relevant step in FTS reactions.
Results and Discussion

H 2 /D 2 Isotope Effects on Hydrocarbon and CO 2 Formation Rate.
Methane formation rates with H 2 /CO and D 2 /CO reactants (extrapolated to zero CO conversion to avoid reactant depletion or water inhibition effects) are 0.55 and 0.74 mol h -1 g-at Fe 1-, respectively. The corresponding KIE value (0.74) is larger than that for CO conversion to C 5+ hydrocarbons (0.53; C 5+ formation rates equal to 3.1 and 5.8 mol h -1 g-at Fe 1-with H 2 /CO and D 2 /CO reactants, respectively). These different isotope effects lead, in turn, to slightly higher C 5+ selectivities when using D 2 /CO instead of H 2 /CO reactants. They also raise significant concerns about the use of isotope effects in methanation rates to infer mechanistic details of CO hydrogenation at conditions that favor chain growth (FTS).
Our previous studies have provided experimental and theoretical evidence for FTS pathways involving parallel H-assisted and unassisted routes for the kinetically relevant CO dissociation step on Fe-based catalysts (Scheme 1), leading to H 2 O and CO 2 as the respective oxygen rejection routes. 10 Unassisted CO dissociation is followed by stepwise hydrogenation of C* to form FTS monomers (CH x *) and reactions of O* with CO* to form CO 2 . H-assisted routes involve H* addition before C-O bond-breaking to form monomers and OH* and sequential hydrogenation of OH* to form H 2 O.
Measured CO 2 formation rates increased linearly as CO conversion increased with increasing residence time ( Figure 1B) , and the corresponding slope, a measure of the contribution of secondary CO 2 -formation reactions to the overall rates, 32 is smaller for D 2 /CO than for H 2 /CO reactants. Rates extrapolated to zero CO conversion levels, which reflect the rate of CO 2 formation via primary pathways (CO* + O* f CO 2 + 2*; step 10 in Scheme 1), are similar for H 2 /CO and D 2 /CO reactants , respectively). This is consistent with the formation of O* species in elementary steps that do not involve hydrogen-derived species, as is the case for unassisted CO dissociation pathways.
The assumptions of pseudo steady-state for all adsorbed species in Scheme 1, quasi-equilibrium for reactants adsorption and formyl species formation (steps 1-3), and CO* coverages at near saturation values, give an equation for hydrocarbon synthesis rates as the combined rates of H-assisted and unassisted pathways:
where k i and K i are the rate and equilibrium constants for the ith step in Scheme 1, respectively. Our previously reported rate data 10 show that both terms, and their respective sequences, contribute to measured rates on Fe-based catalysts. The first and second terms accurately describe measured rates of formation of H 2 O and CO 2 , respectively, indicating that CO 2 forms exclusively via scavenging of O* species formed only via unassisted CO dissociation, 32 while H 2 O forms only via OH* groups formed in H-assisted dissociation. The H-assisted CO dissociation route is the predominant pathway on the Fe-based catalysts at the low-temperature and high pressure conditions that lead to the preferential formation of the desired C 5+ FTS products. 10 The second term in eq 1 does not contain any terms that are sensitive to H 2 or D 2 , because it depends only on the equilibrium adsorption constant (K 1 ) and the unassisted dissociation rate constant (k 6 ) for CO: This is consistent with the rate data in Figure 1 , which show no H 2 /D 2 isotope effect for primary CO 2 formation pathways. Measured kinetic isotope effects reflect, therefore, the influence of H 2 /CO and D 2 /CO reactants on hydrocarbon formation rates via the hydrogen-assisted CO dissociation pathways given by the first term in eq 1:
These rates with H 2 /CO and D 2 /CO reactants are obtained from:
where the rate of hydrocarbon synthesis via the unassisted route equals the rate of primary CO 2 formation (eq 2; 0.46 and 0.48 mol h -1 g-at Fe 1-for H 2 /CO and D 2 /CO, respectively) because CO 2 is formed via scavenging of O* species exclusively originating from direct CO* dissociation steps.
The ratio of the rates of hydrocarbon formation via hydrogenassisted pathways with H 2 /CO (r H ) and D 2 /CO (r D ) reactants is shown in Figure 2 as a function of CO conversion. Isotope effects led to different CO conversion levels with H 2 /CO and D 2 /CO; as a result, calculated r H values were estimated by interpolation to match the conversion level at each measured r D value. A similar interpolation procedure was used to obtain r D at the conversion level for each measured r H value. These ratios decreased from 0.49 to 0.29 as CO conversion increased from 15% to 62%, possibly as a result of different inhibition effects by H 2 O and D 2 O on reaction rates. The value of the isotope effect by extrapolation of the data in Figure 2 to zero conversion (0.56) reflects the ratio of rates in the absence of water inhibition effects; this value is used in mechanistic interpretations of these H 2 /D 2 isotope effects.
The effects of isotopic identity on the rate of hydrogenassisted CO dissociation rates (the first term in eq 1) depend on K 2 , K 3 , and k 4 according to:
where r H and r D represent hydrocarbon synthesis rates via hydrogen-assisted pathways with H 2 /CO and D 2 /CO, respectively, and all superscripts denote the hydrogen isotope. 
r HC assisted ) r HC overall -r HC unassisted (4) Figure 2 . Kinetic isotope effect for hydrocarbon formation via H-assisted CO dissociation and CO 2 formation rate as a function of CO conversion with H 2 /CO or D 2 /CO over Fe-Zn-K-Cu catalyst (Zn/Fe ) 0.1, K/Fe ) 0.02, Cu/Fe ) 0.01) at 508 K and 2.14 MPa.
discussed in the Methods section (2.3), DFT allows estimates of vibrational frequencies for the initial, transition, and final states involved in each elementary step, as well as isotope effect estimates from first principles. Classically, the substitution of a H-atom with a heavier D-atom decreases the vibrational frequencies for any chemical bond containing D and the respective ZPE values. When the D isotope is present in the chemical bond being broken or formed along the reaction coordinate, primary KIE leads, respectively, to lower or higher rates for deuterated species, respectively. Our calculations indicate, however, that the origins of these isotope effects are more complex and that the details of entropic contributions to isotope effects need to be rigorously considered. Accurate estimates of isotope effects require that we rigorously consider the contributions from activation barriers (henceforth denoted by Ω H /Ω D ), and from pre-exponential factors (henceforth denoted by A H /A D ). These isotope effects can then be expressed as the product of two terms:
Additional details related to the derivation of these formulas are provided in the Appendix.
In addition, the frequency of the main bond-breaking mode is not only the one affected by isotopic substitution. In a species such as HCOH*, hydrogen substitution effects by deuterium are twofold. The rate constant for the step that forms HCOH* (HCO* + H* f HCOH* + *) is affected by the isotopic identity of the H*/D* atom added to HCO* (primary isotope effect), but also because of the different isotope in HCO*/DCO* (secondary isotope effect).
ZPE and entropy contributions to isotope effects in FTS reactions on CO-saturated Fe(110) model surfaces are shown in Table 1 . The combination of the isotope effects for all steps involved in H-assisted CO dissociation (0.62 for H 2 dissociation (step 2, Scheme 1), 0.78 for HCO* formation (step 3, Scheme 1), and 0.82 for HCOH* formation (step 4, Scheme 1)) gives a product of 0.40 for the overall isotope effect (r H /r D ). As shown in section 3.1, the value extrapolated to zero CO conversion from measured rates is 0.56. Thus, the calculated KIE value (0.40) at 0.5 CO* monolayer on Fe model surfaces is in reasonable agreement with measured values. We note that the rate and equilibrium constants that appear in the overall rate equation correspond to three elementary steps that individually exhibit inverse isotope effects, including a strong inverse effect for the equilibrium isotope effect for H 2 dissociation (0.62).
The differences between calculated (0.40) and measured (0.56) isotope effects may reflect calculations performed on model surfaces at coverages that cannot be directly related to the fully saturated surfaces present during FTS catalysis. In addition, the accuracy of the second-derivative methods and numerical procedures required to estimate vibrational frequencies may exacerbate errors when these values are used to estimate isotope effects. In particular, the equilibrium and kinetic isotope effects (see Appendix) depend exponentially on ZPE and entropy values, making the resulting overall isotope effects very sensitive to small inaccuracies in DFT-based frequency estimates. Nevertheless, the agreement between theory and data confirms the inverse nature of the isotope effects involved and the predominant involvement of H-assisted CO dissociation steps instead of unassisted pathways that would have led to reaction rates independent of isotopic identity.
H 2 /D 2 Isotope Effects on Reaction
Selectivity. FTS selectivities depend on the rates of propagation of alkyl chains via stepwise addition of monomers formed via assisted or unassisted CO dissociation steps. 33 These chains terminate via hydrogen addition or elimination to form paraffins or olefins, respectively (Scheme 2). Carbon number selectivities depend on the relative rates of propagation (r p,n ) and termination (r t,n ) of chains with n-carbons. The chain termination probability ( n ) can be determined from the rates of formation of individual products with n-carbons using:
where φ n is the mole fraction of a given hydrocarbon among products. The n values reported here were estimated by assuming that the chain growth probability (R) calculated for C 4 -C 9 chains from Anderson-Schulz-Flory plots remains constant for larger chains. The mole fraction for these larger chains is then given by:
These mole fractions were then used to obtain n values for all chains using eq 7. We have found that chain termination probabilities for C 1 -C 13 hydrocarbons are similar with H 2 /CO or D 2 /CO reactants ( Figure 3 ) and lead to similar product distributions for a given CO conversion level (Table 2) . Chain termination probabilities decreased with increasing carbon 
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φ n ) R · φ n-1 (8) number and approached an asymptotic value of 0.055 for C 10+ hydrocarbons for both H 2 /CO and D 2 /CO. The total termination probability combines the rates of termination pathways to olefins ( O,n ) and paraffins ( P,n ) via H-abstraction and H-addition, respectively:
The ratio of termination rates as olefins and paraffins ( O,n / P,n ) is smaller for D 2 /CO than for H 2 /CO reactants (Figure 4) . In the context of Scheme 2, these termination probability ratios are given by: Therefore, the ratio of termination rates as olefins and paraffins ( O,n / P,n ) can be written as: Equation 12 indicates that for a specific chain size, the olefin content would increase with increasing k t,O /k t,P ratios and decrease with increasing hydrogen (or deuterium) coverage. The relative value of the O,n / P,n ratio (n > 3) for D 2 /CO with respect to H 2 /CO reactants is 0.68, which is similar to the theoretically calculated value for the equilibrium isotope effect on H 2 dissociation (K 2 H /K 2 D ) 0.62), indicating that isotope effects on k t,O /k t,P ratios are near unity and that H-abstraction and Haddition rate constants have similar KIE values. Indeed, olefin formation involves the cleavage of carbon-hydrogen chemical bonds and the creation of metal-hydrogen bonds, while paraffin formation requires instead the making and breaking of the same carbon-hydrogen and metal-hydrogen bonds, respectively. Thus, we expect that KIE for olefin and paraffin formation would nearly compensate, especially if the transition state is located approximately halfway along the reaction coordinate. Therefore, we conclude that the lower olefin/paraffin ratio observed with D 2 /CO instead of H 2 /CO merely reflects a higher D* surface coverage (as compared to that of H*).
Comparison of H 2 /D 2 Isotope Effects on Fe and Co FTS Catalysts.
Experimental H 2 /D 2 isotope effects have been previously reported on Co at FTS conditions leading to high chain growth probabilities, 18 and the inverse KIE values measured (r H /r D ) 0.80; Co/SiO 2 , 473 K, 2 MPa, H 2 (D 2 )/ CO ) 2) were interpreted as thermodynamic effects due to the relative magnitude of H 2 and D 2 adsorption equilibrium constants. These conclusions are consistent with the lower olefin/paraffin ratios measured with D 2 /CO reactants, but not with the similar chain growth probabilities measured for C 1 -C 12 hydrocarbons with H 2 /CO and D 2 /CO. Interestingly, similar H 2 /D 2 effects on hydrocarbon formation rates, olefin/ paraffin ratio, and chain growth probability are found here for Fe-based catalysts.
Recent experimental and theoretical studies have shown that CO dissociation occurs on Co-based catalysts predominantly via H-assisted routes (steps 1-5, 8, 9 in Scheme 1). 10 On model CO-saturated Co(0001) surfaces, these routes specifically involve HCO* and HCOH* intermediates, similar to those proposed for H-assisted CO dissociation routes on CO-saturated Fe(110) surfaces. On Co, the potential energy surfaces indicate that alternate paths involving sequential H-addition to form COH* and HCOH* also contribute to CO dissociation rates. The assumptions of pseudo steadystate for all adsorbed species, quasi-equilibrium for steps 1-3 (Scheme 1), and CO* coverages at near saturation values give the following equation for hydrocarbon synthesis rates on Co-based FTS catalysts: T,n ) O,n + P,n (
O,n )
As on Fe, rate data on Co-based catalysts indicate that the first H-addition to CO* step (to form HCO* and/or COH*) is quasi-equilibrated, making the second H-addition the sole kinetically relevant step. The effects of isotopic identity on hydrocarbon formation rates depend on K 2 , K 3 , and k 4 as also found on Fe-based catalysts. Next, we report DFT-derived rate and equilibrium constants for the various elementary steps involved in CO reactions with H 2 or D 2 on Co(0001) surfaces saturated with CO* using the same steps and procedures used for CO-saturated Fe(110) surfaces. The calculated thermodynamic and kinetic isotope effects for the two possible routes (HCO* or COH* intermediates) on CO-saturated Co(0001) model surfaces are shown in Table 3 . The DFT-derived values for r H /r D are 0.70 and 0.49, depending on whether CO dissociation proceeds via HCO* or COH*, respectively. The experimentally measured KIE value 18 (0.80) is similar to that derived for HCO* intermediates, 18 suggesting that HCO*-mediated steps prevail on Co-based catalysts at conditions leading to significant chain growth, as also found on Fe-based catalysts. 10 Thus, on both surfaces, CO dissociation is assisted by chemisorbed hydrogen and proceeds via the quasiequilibrated formation of formyl species (HCO*) that undergo subsequent hydrogenation to HCOH* in the kinetically relevant step.
A comparison of the three elementary steps that contribute to the overall isotope effects on Co and Fe surfaces indicates that: (i) H 2 dissociation on CO-saturated Co(0001) and Fe(110) surfaces gives similar inverse thermodynamic isotope effects (0.61 and 0.62, respectively); (ii) the formation of HCO* species on Co(0001) and Fe(110) gives inverse thermodynamic isotope effects of 0.64 and 0.78, respectively; and (iii) HCOH* formation gives very different kinetic isotope effects on Co(0001) and Fe(110) (1.79 and 0.82, respectively). Both Co and Fe model surfaces give inverse overall KIE values, but the very different isotope effects for the second H-addition step (1.79 and 0.82) lead to smaller overall isotope effects on Co than on Fe (0.70 and 0.40, respectively), in agreement with similar differences obtained from experimental rate data (0.80 and 0.56 for Co and Fe catalysts, respectively). Our calculations indicate that these large differences in the kinetic isotope effects for H-addition to HCO* on Co and Fe reflect concomitant differences in the differential ZPE values (for HCO*, H*, and the transition state to HCOH* formation), which are notably different on the two surfaces: the ZPE contribution to the KIE for that step is 0.74 on Fe, whereas on Co this contribution is 1.61 (see Tables 1 and 3 ). Quantitative details of the vibrational modes used in these calculations are included in the Supporting Information.
Identifying the source of the discrepancy in the ZPE correction of the barrier for the HCOH* formation step on the two metals is far from trivial, given the contributions by more than 20 vibrational modes accounted for in the ZPE calculations (see the Supporting Information). However, one can suggest that because the higher frequency modes are contributing the most to the ZPE correction of the initial state (IS) and the transition state (TS), some chemical rationalization of that difference might be possible. Because the analysis is similar for the H-containing isotopes (H* + HCO* f HCOH*) and the D-containing isotopes (D* + DCO* f DCOD*), the difference stemming from a mass-scaling factor between the two, we only refer our analysis below to the H-containing isotopes. In particular, by focusing on the highest frequency mode of the TS and the IS, we observe that for the H-containing species on Fe, the largest frequency for the IS is 3023 cm -1 (C-H stretch in HCO*), whereas for the TS the largest frequency is 3076 cm
. In contrast, for the H-containing species on Co, the highest vibrational frequency is again for the C-H stretch mode in HCO*, which is 2558 cm -1 , whereas for the TS the largest frequency is 2999 cm
. We note that the C-H stretch mode is not along the reaction coordinate responsible for making the O-H bond in HCOH*, which is the product of this elementary step, but rather the vibrational frequency of a secondary, spectator bond (C-H). These data suggest that the highest frequency mode is mostly preserved along the reaction coordinate of HCO* + H* f HCOH* + * (from IS to TS) on Fe, whereas there is a substantial increase in the highest frequency for the TS on Co (as compared to the highest frequency of the IS on Co). On Fe, the difference between the highest frequency of IS and TS is only 53 cm -1 , whereas that difference is 441 cm -1 on Co, which leads to the much more substantial ZPE correction and KIE on cobalt than on iron.
3.5. Thermodynamic Isotope Effect for H 2 /D 2 Dissociation. Given the commonality of H 2 dissociation in many processes catalyzed by transition metals, and the lack of available data on possible isotope effects on this process, we now turn our attention to the results of our theoretical analysis for that effect. On both Fe(110) and Co(0001) surfaces, H 2 /D 2 dissociation was studied in the presence of 0.5 ML CO coverage, and we only consider the thermodynamic isotope effect, because H 2 /D 2 dissociation are quasi-equilibrated during most hydrogenation reactions (see Scheme 1). We do not find any adsorbed molecular H 2 precursors; therefore, we take H 2 (g) as the reference initial state for dissociation processes. Table 4 provides detailed data on the individual contributions to the overall thermodynamic isotope effect for this process. Interestingly, the ZPE and entropy corrections to the initial and final state energies on both Fe and Co surfaces are, within the accuracy of our methods, identical to each other for each of the relevant individual terms. Apparently, the interaction of atomic H (that is the only important factor here, as the initial state is gas phase H 2 ) with the CO-saturated Co and Fe surfaces is fairly weak and rather insensitive to the nature of the metal. As a result, the isotope effect calculated for the two surfaces is practically the same in terms of both its energy and entropy components. In particular, entropy alone would favor H 2 over D 2 dissociation at the conditions of our experiments by a factor of ca. 1.65 (normal isotope effect), whereas energy alone would favor D 2 r HC ) r HC assisted ) Figure 1B) . CO 2 formation rates increase as conversion increases with increasing residence time, and the corresponding slope reflects the synthesis of CO 2 by reaction of water-derived O* species with CO (CO + H 2 O f CO 2 + H 2 ). Figure 2 shows an increasing normal kinetic isotope effect (r H /r D > 1) for CO 2 formation rates via secondary pathways as CO conversion levels increase. This implies that the extent of H 2 O readsorption on active sites to eventually form O* that can be removed as CO (reverse step 9 in Scheme 1 and subsequent OH* dissociation) is more significant when compared to that of D 2 O species. The higher relative readsorption of H 2 O species is also evidenced by the decrease of KIE values for hydrocarbon formation as CO conversion (and the concomitant water concentration) increases (Figure 2 ; section 3.1). Therefore, our data suggest that the energy required for O* to be formed from D 2 O (cleavage of O-D bonds) is higher than that needed from H 2 O, and that this difference is higher than that resulting of the stronger surface-D bonds (as compared to surface-H bonds).
Conclusions
The observed H/D kinetic isotope effect during FTS with Fe and Co catalysts is the result of the combination of thermodynamic (hydrogen adsorption and first H-addition to CO* species) and kinetic (second H-addition) isotope effects in hydrocarbon formation via H-assisted CO dissociation pathways. The inverse equilibrium isotope effect corresponding to H 2 /D 2 adsorption results also in lower probabilities of chain termination steps as olefins instead of paraffins. Primary formation of CO 2 , which involves scavenging of O* atoms formed via direct CO dissociation by coadsorbed CO, shows no H 2 /D 2 isotope effect. In contrast, CO 2 formation via secondary water-gas shift pathways shows inverse isotope effects. These results are consistent with a FTS mechanism involving parallel H-assisted and unassisted CO dissociation leading to H 2 O and CO 2 , respectively, as the oxygen rejection products. 
